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I. Introduction

Theoverarchingobjectiveofspacemissiondesignistotacklecomplexproblemsproducingbetterresults,
andfaster.Indevelopingthemethodsandtoolstofulfillthisobjective,theuserinteractswiththedifferent
layersofacomputingsystemasillustratedinFigure1.
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Figure1:Layersofinteractioninatypicalcomputersystem.

Theupperlevelsintheillustrationareclosertotheenduserandthespecificproblem,e.g.,agiven
algorithmappliedtoadatasetusingsomesoftware.Lowerlevelswithdarkershadingdenoteimplementation
detailsthatshouldbeseparatedfromtheupperlevelsanddevelopedindependently.Thecloudcomputing
modelcanserveasthebasistoapowerfulframeworkattainingthisseparation.
Thedesignofspacemissionsisanintrinsicallycomplextaskwherethemultipleteamsinvolvedstriveto

balancetradeoffsandnaturallycompetinginterests(cf.Figure2).Forexample:aScienceTeammaydesire
aflexibletrajectorywhichcanbemodifiedatamoment’snotice(thusrespondingtoscientificdiscoveries
impossibletoanticipate).Ontheotherhand,aTrajectoryDesignTeammayleantowardsminimizingthe
overall∆vrequiredtoaccomplishamission,whichmayresultinamorerigidreferencetrajectory.
Inpreviouswork1weexploredsomegeneralitiesofthecloudcomputingmodelformissiondesignand

operations;wecontendedthatthecomplexityintrinsictospace missiondesigncanleadtoundesirable
fragmentationofthesystems,formats,protocols,anddatasetsusedformissiondesign,andweproposedto
leveragethecloudcomputingmodeltoreducesuchfragmentation.
Wenowaimtobuildonspecificaspectsofthatwork.Inparticular,weaimtoexplainthreeimportant

elementsofthecloudcomputingmodelandhowtheseelementscanbeusedtobuildhigh-performance
computingsolutions:

Abstraction Enablestheseparationbetweenaconceptanditsunderlyingimplementation.Forexample:
storageisaconcept;solid-stateharddriveisaparticularimplementationofthestorageconcept.
Cloudcomputingisbasedontheabstractionofcomputationalinfrastructureinamannersuchthat
theconceptualneedcanbefulfilledbymeansofahigh-levelinterfaceprovidingminimumperformance
guarantees.
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Figure2: Organizationalsourcesofcomplexityarenaturalandintrinsictospacemissiondesignandoper-
ationsbecausedifferentgroupsstrivetosatisfyoftencompetinggoals.

Virtualization Enablesthecreationofcomputerenvironments(i.e.,operatingsystem,software,anddatasets)
aselectronicassetsthatcanbelaterdeployedascomputingnodes.Eachnodeconsistsofafreshinstall
oftheexactcomputingenvironmentrunningonaphysicalmachineofthedesiredperformancecharac-
teristics. Virtualizationcanenabletheprototypingoflarge-scaleapplicationsinsimpledevelopment
environments,andpacethegrowthoftheunderlyinghardwarebeforeanactualfull-scaledeployment.

ElasticityProvidestheabilitytoexpandorcontractthedeployedinfrastructureinstantaneously;ittendsto
relinquishthird-partyinvolvement,andhasoneimportantconsequence:itlowersthebarriertoentry
tothehigh-performancecomputingarenabecauseittransformscapitalexpendituresintooperational
costs.Teamscanbypasstheexpensive,risky,orcumbersomeprocurementofcomputinginfrastructure,
andinsteaddeployanddistributesolutions.

Inadditionwediscussdataserializationmechanisms(binaryandplain-text),theuseofmessagebrokers
forworkercoordination.
Finally,wereportacasestudyundercurrentdevelopment—thedesignandoptimizationofspacecraft

trajectoriespoweredbygravityassists.
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II. Virtualizationandthe Mission Design ComputingEnviron-

ment

Oneofthemosttimeconsumingandproblematicaspectsofcollaborativemissiondesignisthedevelopment
anddistributionofhighly-specializedsoftware.
Suchsoftwareismostoftenone-of-a-kind,writtentosolveaspecificproblemofmissiondesign,andit

tendstorelyonthird-partylibrarieswhich,whileoftenwidelyavailable,canbeconfiguredanddeployedin
amultitudeofmanners.

Figure3:Evenhigh-quality,time-tested,well-knownlibrariesareheavilydependentontheplatform.In
thiscase,relyingonthecriticalSPICElibraryrequirestheknowledgeofover50differentcombinations
ofimplementationlanguage/platform/compiler.Forlibrariesoflesserquality,targetingspecificsystemsis
impracticalorsimplyimpossible.

Take,forexample,theSPICEToolkit.2SPICEisacentralelementtoanymissiondesignsoftwarewhich
dealswithplanetaryandsatelliteephemerides,coordinateframes,clocksforspacecraftnavigation,and
fundamentalastrodynamicalgorithms;itisfreelyavailableonline,andisbasedonahigh-qualitycodebase
offullystandardizedlanguages(Fortran77andanautomatically-generatedCtranslation).
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However,insertingadependencyonSPICEcanintroducesoftwaremanagementdifficultiesunlessthe
sourceisshippedtogetherwiththeproduct:asillustratedinFigure3,SPICEcanbeinstalledinaboutfifty
differentmanners,andoneneedstoeitherbeawareofthespecificvariationavailableonthetargetcomputer
(e.g.,whetheritsinstructionsetis32-or64-bits;whetheritistheFortranversionortheCversion,and
inthecaseoftheFortranversion,whatspecificcompiler,asdifferentFortrancompilerstendnottobe
ABI-compatible).
Finally,oneneedstoensurethattheSPICElibraryisavailableinthedynamiclibraryloadingpathof

thetargetcomputer,ormodifytheenvironmentaccordingly(which,initself,isasoftwaremanagement
challenge).
Andsuchcomplicationsarisewithamature,high-quality,enterprise-gradesoftwarelibrarybackedbya

knowledgeabledevelopmentteam(whichmostlibrariesarenot).Librariesoflesserqualityintroducemany
moredeploymentbarriers.
TheSPICEdevelopershaverecentlycreatedapowerful WebinterfacetotheSPICElibrarycalled We-

bGeocalc(cf.Figure4andvisithttp://naif.jpl.nasa.gov/naif/webgeocalc.html).Thisinterfacecan
significantlyeasetheanalysisoftrajectoriesandgeometricevents,anditonlyrequiresawebbrowser.
WithinspirationgainedfromtheworkoftheSPICEdevelopersin WebGeocalc,welookedtoallevi-

atesomeofthischallenges,wedesigned,assembled,anddeployedavirtualmachineforastrodynamical
calculations. Weconsiderthismilestoneasoneofthemostbeneficialoutcomesofthisinvestigation. The
virtualmachineprovidesacomputingenvironmentwhichwehavecalledRocketScienceComputingPlatform
(RSCP).Figure5depictsthewelcomebannerofanSSHsessiononadeployedvirtualimageofRSCP.
ThepurposeofRSCPistoprovideanewalternativetocollaborativesoftwaredevelopmentandmission

design.Itisbasedontheideathatdistributingfullenvironmentsis morebeneficialthandistributing
individualsoftwarecomponents.
AtthispointRSCPisbasedonUbuntuLinux.Amongothercomponents,itcontainsthelatestversion

oftheFortran,C,andC++compilers(asavailableviaGCC4.8.1),afullinstallationofLLVMandclang,a
fullinstallationofPython2.7withitsdevelopmentlibraries,theQTlibraries,theBoostlibraries,theEigen
linearalgebralibraries,theSPICElibraries(bothinFortranandC),genericSPICEkernels,twodatabases,
andmessagebrokers.Table1depictssomeofthebaselinelibrariesandprogramsshippedwithRSCP.
Wecontendthatitiscomparativelysimplertohand-tuneoneplatformanddistributeit,thanitisto

hand-tune,aMakefiletocorrectlybuildonavarietyofplatformsc.
ThemodelforcollaborationbasedonRSCPwouldconsistofagroupofJPLemployeesinchargeof

decidingwhatgoesintoRSCP,andtostandardizetheappropriateinstallation,documentation,andver-
sioningofsuchcomponents.Thirdparties(whetherinJPL,otherNASAcenters,orexternalcollaborators)
wouldbeencouragedtosubmitforconsiderationlibraries,code,anddatasourcessuitableforinclusionin
theofficialdistributionofRSCP.Overtime,RSCPwouldincreaseitscodebaseoforiginalandcontributed
capabilities.
AnypartywithaccesstoRSCPwouldbeabletodeploythevirtualmachineinitspreferredhost,whether

inprivatehardware(leveragingtoolssuchasVMWareorXen),orrelyinguponacloudservicesprovider
suchasAmazonEC2d.

III. DataSerialization

Dataserializationdenotesanymechanismbywhichthecurrentstateofadatastructureistransformedinto
astreamofinformation.Suchstreamcanbestoredortransferredoveranetwork,andusedtorestorethe
datastructureondemand,atalatertime,viadatadeserialization,acomplementarymechanism.
Serializationistheprocessoftranslatingadigitalentitytoandfromaformatthatcanbestored,

transmitted,andthenreconstructedonthesameoradifferentsystem(cf.Figure6). Forexample,the
processofconvertinganinstanceofaclasstoastreamofbits,laterreadbyanotherprocessorsystemand
reconstructedintoanexactcloneoftheoriginalobject.

aFortran,C,andC++
bCandC++
cWeneedtoclarifythatwearenotinafightwithsuchapproach:itisbothgoodandimportant. However,itaddressesa

usecasedifferentfromtheoneweareconcernedwith.
dItispossibletocreateavirtualmachineutilizingoneinfrastructure,anddeployitinanotherinfrastructure.
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Database
sqlite3

mongodb

LinearAlgebra

Eigen

blas

LAPACK

Astrodynamics

SPICEToolkit

CSPICEToolkit

hx

Compilers

GCCa

LLVM/Clangb

Haskell

Erlang

Scripting

Python

Perl

Lua

Messaging
RabbitMQ

ZeroMQ

WebServer
nginx

nodejs

DataSources
GenericKernels

DE421

JUP230

Table1:TheRocketScienceComputingPlatformconsistsofanUbuntuLinuxdistributionendowedwith
acollectionoflibraries,programs,anddatasourcescommonlyusedforastrodynamicalcalculations.Its
centralgoalistoprovideaready-to-useenvironmentwhichcanbedistributedtothirdpartiesasavirtual
machineforimmediate,collaborativemissiondesign.

translatingsuchoutputsintoonestandardformat.Forexample,thefollowingtypicaloutputofalegacy
program

EPOCH:18-Dec-201200:12:34.567891UTC
FRAME:EME2000
POSITION:1.234567891D+06-7.6543210D+063.4567891D+02

canbesurprisinglydifficulttotranslateintonativedatatypes;itcontainsadatestring(andparsingofdate
stringsareacommonsourceofbugs),andreliesonFortranconventionforscientificnotation(thatis,using
DinsteadifEoretodenoteexponent).Forthisreason,itislikelythatauserreadingsuchoutputmay
needtosearch-and-replaceDwithE,or—muchworse—parsefloatingpointnumbersdigitbydigit(another
commonsourceofbugs).Itisimportanttomentionthatmissingtheexponentcouldleadtonumbersthat
areoffbytheentireorderofmagnitude(thatis,reading1.2345insteadof1.2345E6;onekilometerinstead
ofamillionkilometers!)
Asanalternative,asingleindividualorasmallgroupcouldbetaskedwithcreatingoneadaptorcapable

oftransformingthepreviousoutputinto,forexample,JSONnotation:

{"epoch":{
"day":18,"month":12,"year":2012,
"hour":0,"minute":12,"second":34.567891,
"iso":"2012-12-18T00:12:34.567891",
"clock":"utc"
},

"frame":"eme2000",
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importjson#thismoduleispartofthePythonStandardLibrary(version>=2.6)
withopen("data.json","rb")asfp:

data=json.load(fp)
#dataisnowavailableasanativedatatype(inthiscase,aPythondictionary)
print(data["position"])
[1234567.8910000001,-7654321.0,345.67890999999997]
fromdatetimeimportdatetime#StandardPythonLibrary
ISO_FORMAT="%Y-%m-%dT%H:%M:%S.%f"#timestampformataccordingtoISO8601
print(datetime.strptime(data["epoch"]["iso],ISO_FORMAT))
2012-12-1800:12:34.567891

Otherformats,likeXML(http://w3.org/XML)andYAML(http://yaml.org),canbeusedforplain-text
serialization.Binaryserializationformatsarealsoavailablethatprovideallbenefitsofplain-textserialization
(exceptbeinghumanreadable)andcandramaticallyenhanceperformance. BSON(http://bsonspec.
org)—thebinarycounterparttoJSON—hasbeenadoptedastheunderlyingformatforMongoDB,andhas
beenusedsuccessfullyinotherdata-intensiveapplications.3

Inordertoprovideguidanceontheselectionofaserializationformat,weanalyzedwhatweconsiderto
betheleadingserializationformatscurrentlyavailable.
Protocol Buffers—Thisserializationformat(andaprotocolforRPC,orremote-procedurecall)was
proposedbyGoogle,Inc.in2008.Itiscurrentlytheserializationformatusedinternallybythatcompany
tocoordinatetheinteractionamongitsmultitudeofapplications. ProtocolBuffersisasourcetranslator,
whereafileiscreatedwithanschemadefiningthedifferentdataelements,andaprogramisranonsuchfile.
Theoutputisasourcecodefilewhichimplementstheserializationdirectlyintocode. Thecorresponding
headerfilescanthenbeincorporatedintoaprojectandtheobjectscanthenbeserializedordeserailized
withrelativeease.
Themainadvantageoftheprotocolbuffersisthattheyareveryrapid,theyareforward-andbackward-

compatible,theyarerelativelysimpletomaintain,andtheyhavebeentestedbyalargecorporation(and
hundredsofotherusers)inavarietyofenvironments,platforms,andwithavaryingdegreeofexpected
features.Itiswell-documented,battle-testedsoftware.
ThedisadvantagereliesmostlyonthefactthatitreliesonacompanyforeigntoJPLtomaintainits

codebase,andatthispointitisnotfeasibletorewritethefullcodebase. Whilethelevelofcommitsisvery
strong,itissomethingtokeepinmind.
ApacheAvro—ApacheAvroisaserializationlibrarycapableofgeneratingbinaryformats.Itiscapable
ofgeneratingaverymoderninterfacetothedata,anditcanbeeasilyextensible.Itaimstostrengthen
featureswhicharemissinginProtocolBuffers,butitis(asofthiswriting)notnearlyasmature. There
areseveralbugsinthecurrentC++implementation(alanguagecriticaltocloud-basedsolutions).Figure9
depictssampleC++codeusedtoserializeasimpledatastructureusingAvro.
HDF5—Thisisaformatwhichwasoriginallydesignedforhigh-performancenumericalsupercomputing.
Ithasalsobeenbattletested,andhasthebackingofanon-profitentityformedentirelyforthepurposeof
supportingthelanguage.HDF5isrelativelyeasytouse,veryhugeperformance,canbecompressedonthe
fly,andallowstostructurehighlystructureddata.Itisprobablythebestcandidateforheavilynumerical
applicationswhichrelyonlargesetsoflargedata(asopposedtolargesetsofsmalldata,whereprotocol
buffersmayofferasuperioralternative).

IV. CaseStudy —Generationoffeasibletours

Themissiondesignproblemthatwearetryingtosolveconsistsofthecalculationofallthepossibleballistic
flybytoursoftheJupitersystem(givensomeinitialconditions,andassumptions. See4,5foraformal
descriptionoftheproblem). Wecanseeanexampleofthesolutions(tours)obtainedinFigure11.These
kindsofproblemsresultinlargecombinatorialoptimizationandsearchproblemsthatcanonlybetackled
whenparallelcomputationalcapabilitiesareavailable.Ingeneral,thealgorithmssolvingtheseproblems
workintwostages:6

PreprocessingItmaytakehoursandoutputslinearamountofdata.Inourproblem:generatingallthe
possibletours(givensomeassumptions)andstoresolutionsinastandardformat.
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package	
  cnav;	
  

	
  

//	
  	
  enumeration	
  of	
  available	
  frames	
  

enum	
  Frame{	
  

	
  	
  EME2000	
  =	
  0;	
  

	
  	
  EMO2000	
  =	
  1;	
  

	
  	
  //	
  other	
  frames	
  can	
  be	
  added	
  here	
  

}	
  

	
  

//	
  serialization	
  of	
  Orbit	
  Trim	
  Maneuver	
  (OTM)	
  implementation	
  data	
  

message	
  OTM{	
  

	
  	
  //	
  maneuver	
  name,	
  e.g.	
  "321",	
  or	
  "323a"	
  

	
  	
  required	
  string	
  name	
  =	
  1;	
  

	
  

	
  	
  //	
  define	
  the	
  epoch	
  of	
  the	
  maneuver	
  using	
  a	
  floating	
  point	
  number	
  

	
  	
  //	
  (ET	
  seconds	
  past	
  J2000)	
  

	
  	
  optional	
  float	
  epoch	
  =	
  2;	
  

	
  	
  	
  

	
  	
  //	
  enumerate	
  the	
  available	
  execution	
  windows	
  

	
  	
  enum	
  ExecutionWindow{	
  

	
  	
  	
  	
  PRIME	
  =	
  0;	
  

	
  	
  	
  	
  BACKUP	
  =	
  1;	
  

	
  	
  	
  	
  CONTINGENCY	
  =	
  2;	
  

	
  	
  }	
  

	
  

	
  	
  //	
  pick	
  an	
  execution	
  window	
  from	
  the	
  set	
  of	
  available	
  execution	
  

	
  	
  //	
  windows	
  

	
  	
  optional	
  ExecutionWindow	
  window	
  =	
  3;	
  

	
  

	
  	
  //	
  enumerate	
  the	
  available	
  engines	
  

	
  	
  enum	
  Engine{	
  

	
  	
  	
  	
  MEA	
  =	
  0;	
  

	
  	
  	
  	
  MEB	
  =	
  1;	
  

	
  	
  	
  	
  RCSA	
  =	
  2;	
  

	
  	
  	
  	
  RCSB	
  =	
  3;	
  

	
  	
  }	
  

	
  	
  	
  

	
  	
  //	
  pick	
  an	
  engine	
  from	
  the	
  set	
  of	
  available	
  engines	
  

	
  	
  optional	
  Engine	
  engine	
  =	
  4;	
  

	
  

	
  	
  //	
  define	
  the	
  Delta-­‐v	
  vector	
  in	
  terms	
  of	
  magnitude,	
  right	
  ascension,	
  

	
  	
  //	
  and	
  declination	
  

	
  	
  optional	
  float	
  magnitude	
  =	
  5;	
  

	
  	
  optional	
  float	
  ra	
  =	
  6;	
  

	
  	
  optional	
  float	
  dec	
  =	
  7;	
  

	
  	
  	
  

	
  	
  	
  

	
  	
  optional	
  Frame	
  frame	
  =	
  8;	
  	
  	
  

}	
  

	
  

//	
  serialization	
  of	
  a	
  natural	
  satellite	
  encounter	
  

message	
  Encounter{	
  

	
  	
  //	
  encounter	
  name,	
  e.g.,	
  "T81",	
  "D2"	
  

	
  	
  required	
  string	
  name	
  =	
  1;	
  

	
  

	
  	
  //	
  define	
  the	
  epoch	
  of	
  the	
  encounter	
  using	
  a	
  floating	
  point	
  number	
  

	
  	
  //	
  (ET	
  seconds	
  past	
  J2000)	
  

	
  	
  optional	
  float	
  epoch	
  =	
  2;	
  

	
  

	
  	
  //	
  targeting	
  parameters	
  

	
  	
  optional	
  float	
  BdotR	
  =	
  3;	
  

	
  	
  optional	
  float	
  BdotT	
  =	
  4;	
  

	
  	
  optional	
  float	
  tof	
  =	
  5;	
  

	
  

	
  	
  //	
  coordinate	
  frame	
  for	
  the	
  targeting	
  parameters	
  

	
  	
  optional	
  Frame	
  frame	
  =	
  6;	
  

	
  	
  	
  

}	
  

	
  

//	
  A	
  maneuver	
  strategy	
  consists	
  of	
  one	
  or	
  more	
  maneuvers	
  targeting	
  an	
  

//	
  encounter	
  

message	
  Strategy{	
  

	
  	
  repeated	
  OTM	
  otms=	
  1;	
  

	
  	
  optional	
  Encounter	
  encounter	
  =	
  2;	
  

}	
  

Figure7:SampleProtocolBuffersschemadefinitionforasimpledatastructure.

Query Itshouldtakemillisecondsandusesthepreprocesseddata.Inourproblem:visualizesolutions,
searchforoptimalsolutions,etc.

Inthissection,wewilldescribethealgorithmsandthedataformatusedinthepreprocessingstage,and
someexamplesofthequeryphase.
Givenaseriesofassumptions(likemaximumtotaltourtime,listofcelestialbodiestoflybyto,maximum

numberofspacecraftrevolutionsbetweenflybys,andothers)andsomeinitialconditions(likev∞,flybybody,
andephemeristimeofflyby)wecanconstructthesetofallthepossibletours.
Inordertodothistaskwehaveusedtwoalgorithms: Dijkstra’salgorithm7andabreadth-firstsearch

solutiongeneration1. Givenanon-negativecostfunctionbetweenflybys(e.g.,time-of-flight),Dijkstra’s
algorithmwillgeneratealltheminimumpathsbetweenthebranchesandtheinitialnode.
Thebreadth-firstapproachisastrategyforsearchinginagraphthatbeginsatarootnodeandinspects

alltheneighboringnodes.Then,foreachofthoseneighbornodesinturn,itinspectstheirneighbornodes
whichwereunvisited(OpenNodes),andsoon.Thisalgorithmhasbeenincorporatedmainlyduetoitseasy
implementationinaparallelenvironment.
Inordertogenerateallthepossibleflybysgiventhecurrentstate,(successorsfromthecurrentnode:

succ(currentnode)inAlgorithm1),severalalgorithmshavebeenimplemented:aLambert-basedalgorithm
forDTtransfers,anewv∞ matchingalgorithmbasedon∆vtransfers,

8andzero-findingandaminimization
algorithmthatdonotusederivatives.9Anefficientimplementationofthesealgorithmsiskeyintheperfor-
manceofthealgorithmthatgeneratesallthepossibletours.Evenwiththeavailabilityofparallelcomputing
capabilities,anon-efficientimplementationofthealgorithmsmightresultinacriticallossofperformance.
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//	
  Sample	
  application	
  which	
  uses	
  the	
  CNAV	
  serialization	
  provided	
  by	
  

//	
  Protocol	
  Buffers	
  

	
  

//	
  C++	
  Standard	
  Library	
  

#include<iostream>	
  

#include<fstream>	
  

#include<string>	
  

	
  

#include<cnav.pb.h> 	
   	
  //	
  automatically	
  generated	
  by	
  protoc̀	
  

	
  

using	
  namespace	
  std;	
  

	
  

int	
  main(int	
  argc,	
  char*	
  argv[]){	
  

	
  	
  //	
  create	
  a	
  new	
  Strategy	
  

	
  	
  cnav::Strategy	
  strategy;	
  

	
  

	
  	
  //	
  add	
  two	
  OTMs	
  to	
  the	
  Strategy	
  

	
  	
  cnav::OTM*	
  otm1	
  =	
  strategy.add_otms();	
  

	
  	
  cnav::OTM*	
  otm2	
  =	
  strategy.add_otms();	
  

	
  	
  	
  	
  	
  

	
  	
  otm1-­‐>set_name("281");	
  

	
  	
  otm1-­‐>set_epoch(0.0);	
  

	
  	
  otm1-­‐>set_window(cnav::OTM::PRIME);	
  

	
  	
  otm1-­‐>set_engine(cnav::OTM::MEA);	
  

	
  	
  otm1-­‐>set_frame(cnav::EME2000);	
  

	
  	
  otm1-­‐>set_magnitude(2.8563);	
  

	
  	
  otm1-­‐>set_ra(20.123);	
  

	
  	
  otm1-­‐>set_dec(0.6543);	
  

	
  	
  	
  	
  	
  	
  	
  

	
  	
  otm2-­‐>set_name("282");	
  

	
  	
  otm2-­‐>set_epoch(otm1-­‐>epoch()	
  +	
  86400.0	
  *	
  6);	
  //	
  six	
  days	
  after	
  previous	
  maneuver	
  

	
  	
  otm2-­‐>set_window(cnav::OTM::PRIME);	
  

	
  	
  otm2-­‐>set_engine(cnav::OTM::MEA);	
  

	
  	
  otm2-­‐>set_frame(cnav::EME2000);	
  

	
  	
  otm2-­‐>set_magnitude(0.12345);	
  

	
  	
  otm2-­‐>set_ra(10.0);	
  

	
  	
  otm2-­‐>set_dec(20.0);	
  

	
  	
  	
  

	
  	
  //	
  create	
  a	
  new	
  Encounter	
  

	
  	
  cnav::Encounter*	
  enc	
  =	
  strategy.mutable_encounter();	
  

	
  	
  enc-­‐>set_name("T81");	
  

	
  	
  enc-­‐>set_epoch(otm2-­‐>epoch()	
  +	
  86400.0	
  *	
  3);	
  //	
  three	
  days	
  after	
  approach	
  maneuver	
  

	
  	
  enc-­‐>set_frame(cnav::EMO2000);	
  

	
  	
  enc-­‐>set_bdotr(-­‐1500.0);	
  

	
  	
  enc-­‐>set_bdott(800);	
  

	
  	
  enc-­‐>set_tof(0.0);	
  

	
  	
  	
  

	
  	
  //	
  write	
  to	
  durable	
  storage	
  

	
  	
  fstream	
  output("strategy.bin",	
  ios::out	
  |	
  ios::trunc	
  |	
  ios::binary);	
  

	
  	
  strategy.SerializeToOstream(&output);	
  

	
  

	
  	
  //	
  read	
  from	
  durable	
  storage	
  

	
  	
  cnav::Strategy	
  strategy2;	
  

	
  	
  fstream	
  input("strategy.bin",	
  ios::in	
  |	
  ios::binary);	
  

	
  	
  strategy2.ParseFromIstream(&input);	
  

	
  	
  std::cout<<"Count:	
  "<<strategy2.otms_size()<<std::endl;	
  

	
  	
  for(unsigned	
  int	
  k=0;	
  k	
  <	
  strategy2.otms_size();	
  k++){	
  

	
  	
  	
  	
  const	
  cnav::OTM	
  otm	
  =	
  strategy2.otms(k);	
  

	
  	
  	
  	
  std::cout<<"OTM-­‐"<<otm.name()<<std::endl;	
  

	
  	
  }	
  

	
  	
  return	
  0;	
  

	
  

	
  

}	
  

	
  

Figure8:SampleC++programutilizingtheautomatically-generatedheaderfilesbasedontheschema
describedinFigure7.

Oncethetourgenerationalgorithmhasfinished,wecansavethesolutionsasadatabaseofindividual
toursorinstead,wecansaveitasadouble-directedgraph(DDG)(see7).Inordertogeneratethedatabase
ofindividualtoursweneedtogetthepredecessorsofeachnodeintheEndNodessetinAlgorithm1(using
thePredecessormapinAlgorithm1).Ifthedouble-directedoptionischosen(seeFigure12),theSuccessors
andPredecessorsetsfromAlgorithm1wouldhavetobesaved.Therearedifferentformatsavailableforthe
storageofthesedatabasesasithasbeendiscussedinprevioussections.Inthecurrentimplementationwe
havedecidedtouseJSON(see10)astheformatforthesolutionfile.InFigure13,wecanseeanexcerptof
theJSONfilecontainingallthetours.TheJSONsyntaxisverysimpleandhumanreadable.Thefirstpart
ofthefiledefinestheassumptionsandinitialconditionsoftheproblemwearesolving,thesecondpart(the
mainpart)containsalistofthetoursfoundusingthealgorithmsdescribedabove.In
BelowwepresentanexampleofthePythoncodeusedtoprocessthesolutions. Whenthenumberof

solutionsfoundistheorderofmillionsthisformatmightnotbethemostappropriatetostorethetours.In
thatcaseastandardbinaryformatlikeHDF5(see11)mighthavetobeused.

importjson
json_data=open("Bender_Example.json")
data=json.load(json_data)
n_tours=len(data["solutions"])
jupiter_gm=data["central_body_gm"][0]
jupiter_radius=data["central_body_radius"][0]
initial_et=data["initial_vinf_in"]["et"]
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/**	
  

	
  	
  	
  \file	
  measurement.cpp	
  

	
  	
  	
  \brief	
  Demonstration	
  of	
  Apache's	
  Avro	
  for	
  serializing	
  composite	
  data	
  types.	
  

	
   	
   	
   	
   	
   	
   	
   	
  	
  

	
  	
  	
  This	
  C++	
  program	
  will	
  read	
  and	
  write	
  "Measurement"	
  objects.	
  The	
  

	
  	
  	
  included	
  header	
  file	
  "measurement.hpp"	
  was	
  created	
  automatically	
  by	
  

	
  	
  	
  issuing	
  the	
  following	
  command:	
  

	
  

	
  	
  	
  avrogencpp	
  -­‐i	
  measurement.json	
  -­‐o	
  measurement.hpp	
  

	
  

	
  	
  	
  where	
  "measurement.json"	
  is	
  the	
  file	
  where	
  I	
  provided	
  the	
  data	
  

	
  	
  	
  schema.	
  Appart	
  from	
  the	
  "measurement.json"	
  file	
  and	
  the	
  code	
  

	
  	
  	
  contained	
  here,	
  I	
  did	
  not	
  write	
  anything	
  else.	
  

	
  

	
  	
  	
  Compile	
  this	
  code	
  with	
  clang++,	
  or	
  g++.	
  I	
  used	
  the	
  following	
  clang	
  

	
  	
  	
  version:	
  

	
  

	
  	
  	
  Apple	
  clang	
  version	
  4.1	
  (tags/Apple/clang-­‐421.11.66)	
  (based	
  on	
  LLVM	
  3.1svn)	
  

	
  	
  	
  Target:	
  x86_64-­‐apple-­‐darwin11.4.2	
  

	
  	
  	
  Thread	
  model:	
  posix	
  

	
  

	
  	
  	
  and	
  the	
  following	
  compilation	
  line	
  

	
  

	
  	
  	
  clang++	
  -­‐omeasurement	
  measurement.cpp	
  -­‐lavrocpp	
  

	
  

	
  	
  	
  Notice	
  that	
  I	
  have	
  installed	
  the	
  avro	
  library	
  beforehand.	
  

	
  

	
  	
  	
  Program	
  output:	
  

	
  	
  	
  Station:	
  	
  	
  	
  	
  JPL-­‐01	
  

	
  	
  	
  Lat:	
  	
  	
  	
  	
  	
  	
  	
  	
  34.1996	
  

	
  	
  	
  Lot:	
  	
  	
  	
  	
  	
  	
  	
  	
  118.175	
  

	
  	
  	
  Epoch:	
  	
  	
  	
  	
  	
  	
  123.456	
  

	
  	
  	
  Temperature:	
  23.15	
  

	
  	
  	
  	
  

	
  	
  	
  @author	
  J.	
  Arrieta	
  <Juan.Arrieta@jpl.nasa.gov>	
  

	
  */	
  

	
  

//	
  C++	
  Standard	
  Library	
  	
  

#include<iostream>	
  

	
  

//	
  Avro	
  Library	
  

#include<avro/Encoder.hh>	
  

#include<avro/Decoder.hh>	
  

	
  

//	
  Local	
  includes	
  

#include	
  "measurement.hpp"	
  //	
  this	
  file	
  was	
  automatically	
  generated	
  

	
  

int	
  main(){	
  

	
  	
  //	
  create	
  a	
  new	
  measurement	
  -­‐	
  notice	
  that	
  I	
  did	
  NOT	
  write	
  this	
  

	
  	
  //	
  class,	
  it	
  was	
  automatically	
  generated	
  by	
  avro	
  (it	
  contains	
  the	
  

	
  	
  //	
  setter	
  and	
  getter	
  methods)	
  

	
  	
  Measurement	
  my_measurement;	
  

	
  

	
  	
  //	
  store	
  some	
  values	
  in	
  my	
  measurement	
  

	
  	
  my_measurement.station 	
  =	
  "JPL-­‐01";	
  

	
  	
  my_measurement.lat 	
   	
  =	
  	
  34.1996;	
  

	
  	
  my_measurement.lon 	
   	
  =	
  118.1747;	
  

	
  	
  my_measurement.epoch	
   	
  =	
  123.4560;	
  

	
  	
  my_measurement.temperature 	
  =	
  	
  23.1500;	
  

	
  	
  	
  

	
  	
  //	
  at	
  this	
  point	
  I	
  will	
  work	
  exclusively	
  on	
  memory,	
  so	
  I	
  open	
  a	
  

	
  	
  //	
  memory	
  output	
  stream"to	
  which	
  I	
  will	
  write	
  the	
  encoded	
  data;	
  I	
  

	
  	
  //	
  want	
  binary	
  data,	
  so	
  I	
  choose	
  a	
  binary	
  encoder.	
  

	
  	
  std::auto_ptr<avro::OutputStream>	
  out	
  =	
  avro::memoryOutputStream();	
  

	
  	
  avro::EncoderPtr	
  e	
  =	
  avro::binaryEncoder();	
  

	
  	
  //	
  initialize	
  the	
  encoder	
  to	
  write	
  to	
  the	
  memory	
  stream	
  

	
  	
  e-­‐>init(*out);	
  

	
  	
  //	
  encode	
  the	
  measurement	
  into	
  the	
  memory	
  stream	
  

	
  	
  avro::encode(*e,	
  my_measurement);	
  

	
  

	
  	
  //	
  at	
  this	
  point	
  I	
  have	
  serialized	
  my_measurement̀	
  to	
  a	
  buffer	
  in	
  

	
  	
  //	
  memory.	
  I	
  could	
  read	
  it	
  back	
  into	
  a	
  new	
  measurement	
  object.	
  To	
  

	
  	
  //	
  this	
  end,	
  I	
  create	
  a	
  memory	
  input	
  stream	
  (mapped	
  to	
  the	
  memory	
  

	
  	
  //	
  output	
  stream	
  created	
  earlier),	
  and	
  a	
  binary	
  decoder	
  

	
  	
  std::auto_ptr<avro::InputStream>	
  in	
  =	
  avro::memoryInputStream(*out);	
  

	
  	
  avro::DecoderPtr	
  d	
  =	
  avro::binaryDecoder();	
  

	
  	
  //	
  initialize	
  the	
  decoder	
  to	
  read	
  from	
  the	
  memory	
  stream	
  	
  	
  

	
  	
  d-­‐>init(*in);	
  

	
  

	
  	
  //	
  create	
  a	
  fresh	
  instance	
  of	
  my_measurement̀	
  

	
  	
  Measurement	
  my_fresh_measurement;	
  

	
  	
  //	
  read	
  the	
  decoded	
  data	
  into	
  my_fresh_measurement	
  

	
  	
  avro::decode(*d,	
  my_fresh_measurement);	
  

	
  

	
  	
  //	
  now	
  print	
  the	
  fresh	
  measurement	
  to	
  screen,	
  just	
  to	
  confim	
  that	
  

	
  	
  //	
  the	
  data	
  is	
  what	
  we	
  expected	
  

	
  	
  std::cout<<"Station:	
  "<<my_fresh_measurement.station<<std::endl	
  

	
  	
  	
  	
  <<"Lat:	
  	
  	
  	
  	
  	
  	
  	
  	
  "<<my_fresh_measurement.lat<<std::endl	
  

	
  	
  	
  	
  <<"Lot:	
  	
  	
  	
  	
  	
  	
  	
  	
  "<<my_fresh_measurement.lon<<std::endl	
  

	
  	
  	
  	
  <<"Epoch:	
  	
  	
  	
  	
  	
  	
  "<<my_fresh_measurement.epoch<<std::endl	
  

	
  	
  	
  	
  <<"Temperature:	
  "<<my_fresh_measurement.temperature<<std::endl;	
  

	
  	
  	
  

	
  	
  return	
  EXIT_SUCCESS;	
  

}	
  

	
  

	
  

Figure9:SampleC++codefortheserializationanddeserializationofasimpledatastructureusingApache
Avro.

Processingthesolutions—Oncethesolutionsareobtainedinthepreprocessingphase,asindividual
toursorasadouble-directedgraph,wecanstartprocessingthem(queryphase).Ifthegoalistosolve
someoptimizationproblemoverthepossibletours,thedoubledirected-graphrepresentationofthetours
willallowmoreefficientsearchesthanjustprocessingindividualtours. Theoptimizationproblemwillbe
definedbyacostfunctiontominimize(maximize)andafeasibleset(i.e.DDG).Theoptimizationproblem
formulatedlikethiswillbeacombinatorialoptimizationproblem.SearchalgorithmslikeA∗(see12)and
itsvariantscanbeusedtoperformefficientsearchesontheDDG.Ontheotherhand,Ifthesolutionsare
savedasindividualtours,thesearchwillbeinefficientsincewewillhavetoexploreallthesolutionstofind
theoptimalone.However,thisrepresentationcanbeusedforvisualizationandingeneralwithtasksthat
requiretheevaluationofthewholespaceofsolutions.Forexample,wecanvisualizethetreeofsolutions
(depictedintermsoftheTisserandgraphinFigure15). Wecanalsovisualizehowtheinclination(overthe
eclipticplane)ofthespacecrafttrajectorychangesduringthetours(seeFigure14).Similarvisualizations
couldinclude:variationintheparametersofthetrajectory(period,right-ascensionoftheascendingnode,
lineofapsides),radiation,andothers.

V. Conclusions

Spacemissiondesignissubjecttonaturalandintrinsicsourcesofcomplexitybecausethemultiplestake-
holdersinvolvedinthedesignofaspacemissionstrivetooptimizecompetingobjectives.Thiscomplexity
tendstofragmentsystems,formats,datasets,andprotocols.
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/**	
  

	
  	
  	
  @file	
  	
  	
  hdf5-­‐test05.cpp	
  

	
  	
  	
  @brief	
  	
  Demonstration	
  of	
  ability	
  of	
  HDF5	
  to	
  serialize	
  large	
  data	
  structures.	
  

	
  	
  	
  @author	
  J.	
  Arrieta	
  <Juan.Arrieta@jpl.nasa.gov>	
  

	
  */	
  

	
  

//	
  C++	
  Standard	
  Library	
  

#include<random>	
  

#include<iostream>	
  

#include<sstream>	
  

#include<algorithm>	
  

#include<vector>	
  

	
  

//	
  HDF5	
  Library	
  

#include<H5Cpp.h>	
  

	
  

//	
  A	
  simple	
  vector	
  container	
  capable	
  of	
  being	
  serialized	
  to	
  and	
  from	
  HDF5	
  

class	
  SimpleVectors	
  {	
  

	
  public:	
  

	
  	
  SimpleVectors(const	
  std::string&	
  filename)	
  

	
  	
  	
  	
  	
  	
  :	
  m_filename(filename),	
  

	
  	
  	
  	
  	
  	
  	
  	
  m_fp(m_filename.c_str(),	
  H5F_ACC_TRUNC)	
  {	
  }	
  

	
  

	
  	
  SimpleVectors&	
  create_group(const	
  std::string&	
  name)	
  {	
  

	
  	
  	
  	
  m_fp.createGroup(name.c_str());	
  

	
  	
  	
  	
  return	
  *this;	
  

	
  	
  }	
  

	
  	
  	
  

	
  	
  template<typename	
  Container>	
  	
  	
  

	
  	
  SimpleVectors&	
  add_data(const	
  std::string&	
  name,	
  const	
  Container&	
  data)	
  {	
  

	
  	
  	
  	
  hsize_t	
  dim[]	
  =	
  {data.size(),	
  1};	
  

	
  	
  	
  	
  H5::DataSpace	
  dspace(1,	
  dim);	
  

	
  	
  	
  	
  H5::DataSet	
  dataset	
  =	
  m_fp.createDataSet(name.c_str(),	
  H5::PredType::NATIVE_DOUBLE,	
  
dspace);	
  

	
  	
  	
  	
  dataset.write(data.data(),	
  H5::PredType::NATIVE_DOUBLE);	
  

	
  	
  	
  	
  return	
  *this;	
  

	
  	
  }	
  

	
  	
  	
  

	
  	
  ~SimpleVectors()	
  {	
  

	
  	
  	
  	
  m_fp.close();	
  

	
  	
  }	
  

	
  	
  	
  

	
  private:	
  

	
  	
  std::string	
  m_filename;	
  

	
  	
  H5::H5File	
  m_fp;	
  

};	
  

	
  

//	
  Main	
  program	
  –	
  create	
  one	
  million	
  datasets,	
  each	
  consisting	
  of	
  

// a	
  vector	
  of	
  1,000,000	
  elements	
  

	
  

int	
  main()	
  {	
  

	
  	
  //	
  in	
  this	
  case	
  we	
  will	
  store	
  the	
  dataset	
  to	
  disk.	
  However,	
  it	
  

	
  	
  //	
  could	
  just	
  as	
  easily	
  be	
  persisted	
  into	
  a	
  buffer	
  and	
  sent	
  

	
  	
  //	
  across	
  a	
  wire	
  

	
  	
  SimpleVectors	
  sp("../data/test05.h5");	
  

	
  	
  	
  

	
  	
  sp.create_group("/Legs");	
  

	
  

	
  	
  std::vector<double>	
  data;	
  

	
  

	
  	
  for(size_t	
  k=0;	
  k<100;	
  k++)	
  {	
  

	
  	
  	
  	
  std::stringstream	
  ss;	
  

	
  	
  	
  	
  ss<<"Legs/"<<k;	
  

	
  	
  	
  	
  data.clear();	
  

	
  	
  	
  	
  std::generate_n(std::back_inserter(data),	
  1000000,	
  std::rand);	
  

	
  	
  	
  	
  sp.add_data(ss.str(),	
  data);	
  	
  	
  	
  	
  	
  

	
  	
  }	
  

	
  

	
  	
  return	
  0;	
  

	
  	
  	
  

}	
  

	
  

	
  

Figure10: DemonstrationoftheabilityofHDF5toquicklyserializearelativelycomplexdatastructure
consistingofonemilliondatasets,eachconsistingofonehundreddouble-precisionnumbers.Theresulting
serializedversionrequires763MBofdiskspace,andisgeneratedinaboutfivesecondsonanoff-the-shelf
laptopcomputer.

Weproposethecloudcomputingmodelasatooltoalleviatethisfragmentation,inparticular:

•Developanalyticalbundlesforcollaborationcreateasinglevirtualmachinewherealltheappropriate
software,libraries,tools,anddatasetsrequiredformissiondesignaredeployedinawell-configured
mannerandmaintainedbyagroupservingassinglepointofcontact

•Providedatasetsinstandardizedformatsinparticular,weobservedthattheJSONformatsispractical,
efficient,andcleanfordatathatisintendedtobehumanreadable.Forhigh-performancedatasetswe
providedinformationandsamplecodefortheformatsProtocolBuffers,ApacheAvro,andHDF5.
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Figure11:InertialviewofarepresentativetouroftheJoviansystem.Theflybysequenceis:Europa(red)
→ Europa(blue)→ Callisto(blue)→ Ganymede(blue)→ Callisto(blue)→ Io(green).
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Algorithm1PseudocodefortheBreadth-firstsolutiongeneration

createsetOpenNodes
createsetEndNodes
createmapPredecessor
createmapofsetsSuccessors
OpenNodes.insert(v∞(t0))
do
ifOpenNodes.size()=0
break

currentnode← OpenNodes.first()
OpenNodes.deletefirst()
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ifsucc.et-t0>maximumTOF
continue

OpenNodes.insert(succ)
Predecessor.insert(succ,currentnode)
Successors.insert(currentnode,succ)

ifnonodesinsertedinOpenNodesinforloop
EndNodes.insert(currentnode)

while(true)

Figure12:ExampleoftheSuccessor/Predecessorrelationshipinadouble-directedgraph.
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Figure14:Tree-likevisualizationofthechangesininclinationofthespacecrafttrajectoryforallthepossible
tourswithmaximumtimeofflightof40days(top),and60days(bottom).
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Figure15:VisualizationoftheTisserandplotsforallpossibletourswithmaximumtimeofflightof40days
(top),and60days(bottom).
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Figure16:Visualizationoftheflybytreesgeneratedforallpossibletourswithmaximumtimeofflightof40
days(top),and60days(bottom).
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